Joint space-time (ST) coding and constellation rotation is considered in the presence of imperfect channel state information. The combined system with two transmit antennas is shown to be more resistant to channel estimation errors than ST coding. Experiments involving channel estimation errors agree with the related theory reported in the literature.
Introduction: For wireless communication systems where it is not feasible to deploy multiple antennas at the receiver, transmitter diversity offers a powerful alternative. Many techniques incorporating space-time (ST) coding have been proposed in recent years (see e.g. [1] and the references therein). Alternatively, signal space diversity combats fading by rotating the constellation and applying componentwise interleaving [2] . Recently, another model that uses both signal space diversity and ST coding was introduced in order to achieve full diversity, while simultaneously eliminating the interleaver from the system design [3] .
The criteria that are customarily used in code design for coherent receivers do not induce any penalty in the diversity order when the channel state information (CSI) is imperfect, even though the bit error rate may suffer [4, 5] . In all relevant work [2, 3] , the channel is assumed to be perfectly known and constant throughout the code block. In this Letter, we present joint ST coding and signal space diversity for two transmit antennas, and show that the combined system is more resistant to channel estimation errors, compared to ST coding alone.
System model: We consider a hybrid system that combines the diversity ideas in [6] and [2] (hereafter referred to as joint diversity). Let a 0 and a 1 be two rotated complex constellation points that are consecutively transmitted. We assume p=8-rotated quadrature phaseshift keying (QPSK) symbols [2] . The real and complex parts of the symbols are interchanged so that
, are obtained. Next, the symbols b 0 , b 1 are space-time coded according to the Alamouti scheme [6] , and eventually transmitted through the two transmit antennas.
The received baseband signals are
where h 0 , h 1 and n 0 , n 1 are the complex channel coefficients and the complex additive white Gaussian noise for antennas 1 and 2, respectively. Bit error probability computations for a complex Gaussian error distribution are presented in [7] . To account for channel estimation errors, consider the channel matrix H as
where the columns of H correspond to channels seen by different antennas, and rows correspond to channel conditions at different time instants. The estimation errors {x i } i¼0 3 are modelled as random variables with zero-mean additive, complex white Gaussian distributions and variances {s i 2 } i¼0 3 , respectively. Hence, (1) becomes
The zero-mean assumption ensures that the estimates are unbiased, which is necessary to preserve the diversity order regardless of the CSI imperfections [4] . The optimal combining of [6] giveŝ
where the interference terms I 0 , I 1 are
At high SNR, the interference terms in (5) are the performance limiting factors, rather than the noise components in (4). However, if h 0 , h 1 , x 0 , x 1 , x 2 and x 3 are all mutually uncorrelated as per the independent fading assumption [5] , then so are I 0 and I 1 . If component interchange is again applied for the symbols at the receiver aŝ
then both the real and the imaginary parts of the symbols are contaminated by random but uncorrelated interference, which results in a system that is more tolerant to channel estimation errors.
Simulations:
The simulations are performed for 1000 independent channel realisations. The transmitter sends p=8-rotated QPSK symbols. When there is no estimation error, the results in [3] and our simulations both indicate that the performance is the same for the Alamouti scheme with or without signal space diversity. Hence, in the bit error rate (BER) graphs, we refer to both with a single line labelled as 'no estimation error'.
In Fig. 1 , the effect of estimation error in only one channel coefficient is considered. The error variance is taken as 0.01, and the channel gain is assumed to be unity. Simulations show that the system performance does not depend on which specific error x i is set to be nonzero. Fig. 1 indicates that the BER performance of joint diversity is very close to that of the Alamouti scheme with perfect CSI. For E b =N 0 > 5 dB, joint diversity is uniformly better than the Alamouti scheme alone when the latter operates in the presence of channel estimation errors. 
Next, we assume that errors exist in the second time slots only; i.e.
01. This is a realistic scenario because channel estimation errors are more likely to happen in the second time slot due to the variations in the channel coefficients over time. The gain of the joint diversity scheme is given in Fig. 2 , which exhibits the same slopes as those in Fig. 1 . Thus, diversity orders are preserved even if the CSI is imperfect, which is consistent with the theory reported in [4] and [5] .
Conclusions: Even though constellation rotation on top of the Alamouti scheme does not offer additional diversity gain for two antennas, the combination is very robust to CSI imperfections. Simulation results show that the extra tolerance to estimation errors achieved by introducing signal space rotations compensates the incurred complexity to the transmit diversity systems.
In [8] , a rule of thumb is prescribed where the CSI can be regarded as near-perfect so long as the error variance is negligible compared to the reciprocal of the SNR. This rule is satisfied in the experiments above for the E b =N 0 ¼ 10-15 dB range, and the results are in agreement with [8] , particularly for the joint diversity system. 
